Abstract K-shel] x-ray production measurements are reported for protons, deuterons and alpha particles incident on thin foils of copper, niobium, silver and antimony. In the velocity range of the experiments, which correspond to 100-600 keV/u, the energy of ionization was as large as 10% of the bombarding energy. The inferred dependence of the excitation process on the projectile mass, atomic number and energy is compared with theoretical estimates of a low-velocity ionization threshold, the binding effect and the Coulomb-deflection effect. Precision of measurement is not great enough to discern unambiguously the threshold effect, but the binding and Coulomb-deflection effects are clearly distingui shed.
Introduction
Inner-shell ionization produced by ion impact has been studied both experimentally and theoretically in recent years. It is only recently, however, that innershell ionization at low energies has begun to be examined for a threshold effect. '-4 The purpose of this work is to examine, as carefully as our instruments will allow., the behavior of the K-shell excitation process under ion bombardment at low velocity. We report measurements of K-shell x-ray production and infer the dependence of this process on projectile mass, atomic number and energy. K-shell x-ray production was measured for protons ('H), deuterons (1D), and alpha particles (2He) incident on thin solid foils of 29Cu, 41Nb, 47Ag, and 15Sb. Cross sections were inferred at projectile energies corresponding to a variation from 100 to 600 keV/u.
The reasons for using these three projectiles are as follows:
(1) Protons and deuterons have the same Z, and, therefore, at the same velocity, they have the same increased binding effect. 5, 6 By forming ratios of measured cross sections the Coulomb deflection effect 5'6 can be isolated. (2) Deuterons and alpha particles have the same charge to mass ratio and, therefore, at the same velocity they have the same Coulomb deflection effect. By forming ratios of measured cross sections, the increased binding effect can be isolated.
(3) These ratios allow the cancellation of trivial calibration quantities which make ratio values more accurate quantities than absolute cross section measurements. Typical uncertainties of cross section measurements are 10 
Theory
Th11c<rescription for calculating cross sections in the Plane Wave Born Approximation has been described in detail elsewhere.8'-10 In calculating these cross sections, one must perform integrations over momentum and energy transfer. In the past, approximate limits of integration for momentum transfer have been used. The exact lirits for momentum transfer comes from the energy conse-rvation condition.
(qmin)2 = 2M(vECl -_ 7ECM -£) 2 (1) and (Uqa)2 = 2M(/E + E/CM -£ 2 (2) Where Oq is the magnitude of the momentum transferred, c is the energy transferred and M is the reduced mass of the projectile-target system. Converting these ex- In the remainder of this work, the notation PWBA (Exact) and PWBA will be used to distinguish between calculation with exact and approximate limits, respecti vely.
The use of the exact limits introduces a dependence on the mass through the variable p and therefore cross sections cannot be tabulated easily. The cross section ratio PWBA (Exact)/PWBA is plotted in Figure 1 for The inclusion of the effects of increased binding of the K-shell electron and the polarization of the electron orbit by the projectile outlined by Basbas et al., and Ashley et alY17 have been shown to improve the agreement of the theoretical predictions with the results of experiments. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] The cross section which includes these effects has its origin in the PSS theory but for convenience is cast in terms of the PWBA with reduced variables giving G K(PSS)= (OoK/CKeK)F(nK/(KeK) 2) (6) where CK' discussed in Ref. 5 , represents the inclusion of increased binding and polarization effects. In calculations used in this work the polarization effects are negligible, but the PSS calculation was used for the sake of completeness in obtaining the "best" theoretical description available. here.
It should be noted, however, that a correction to the x-ray and Rutherford yields to compensate for energy loss in the target foil was applie *28 This correction has the form (1 -AE /E )-(s+2) where AE1 is the average energy loss in passing through the target foil calculated from stopping powers29 and target thicknesses and s is the slope of the natural log (ln) of the cross section curve as a function of E1. El/M, (MeV/u) Figure 2 . Measured K-shell x-ray production cross sections of 2gCu for proton, deuteron and alpha particle bombardment. The measured data are compared with other published results and four theoretical calculations.
In general, the experimental data do not agree with the energy dependence of any of the four theoretical predictions. The majority of the absolute data agree with the CBPSSR (here R = RA or RB since they are practically identical) from the highest energies down to the middle of the energy range within experimental uncertainties. At this point the data decreases more rapidly than the CBPSSR and reaches the predictions of the CKPSSRB at the lowest incident energies. With the exception of the 41Nb data, this tendency is present for all three projectiles and all four targets. For 41Nb, the experimental data seems high relative to the theoretical predictions, but exhibits the same relative energy dependence.
Since the effect of the exact versus approximate limits is small compared to discrepancies between theory and experiment, and since the numerical difference between the two relativistic treatments is also relatively small, it is reasonable to examine the two Coulomb deflection calculations more closely. An empirical Coulomb deflection factor can be derived by dividing the measured cross section by the theoretical prediction of the PSSR. If the theoretical calculation accurately accounts for binding, polarization (negligible here) and relativistic effects, the data are an experimental measure of C(TrdcKqo). Figure 4 shows the plot of these data for all projectiles and targets versus the Coulomb deflection variableTrdcKqo. The data exhibit universal behavior although the spread in the data is considerably larger than the experimental uncertainties. The focus of the data points is a line on the semi-log plot which crosses CB(7rdKqo) at 1106 Figure 3 . Measured K-shell x-ray production cross sections of 47Ag for proton, deuteron and alpha particle bombardment. The measured data are compared to other published results and the predictions of four theoretical calculations.
TrdCKqo= 0.5 and has a slope close to that of CK(TrdcKqo) but is displaced from it by a factor of Xu 2.5 at FdcKqo 2.5 and %l.3 at rd(Kq0O0.5. It should be noted that the argument FTdCKqo is calculated using the exact qo as pointed out by Lapicki et al. 4 To investigate further the Coulomb deflection effect, ratios of cross sections for x-rays induced by deuterons to those induced by protons at identical velocities were calculated and are plotted in Figure 5 .
The tarpets are the same for each projectile. Since 1D and 1H have the same Z1 but different charge to mass ratios, the binding effect is the same for both while the Coulomb deflection effect is not. In addition, experimental normalization factors cancel so that the ratios of measured cross sections are more certain than the cross sections themselves. The difference between calculations made with exact and approximate limits is smaller than experimental uncertainties at these energies and for these projectile-target systems. These ratios of measured data fall between the predictions of the CKPSS (Exact) and the CBPSS (Exact) as in the case of absolute cross sections. The measured ratio values differ from the theoretical predictions by as much as a factor of 2 at the lowest energies while good agreement with the CBPSS is found at the highest energies. Relativistic effects cancel in all ratios because the target and projectile velocities are the same for each component. .03 _0.5 1.5 2.5 3.5 7rdCKqO by four to take into account the Z2 dependence given in the PWBA. Since 2He and 1D have the same charge mass ratio, the Coulomb deflection effect is the same for both except for the weak Zi dependence introduced through CK in the argument 7rdCKqo. Figure 6 
Concl usions
In this work we report the magnitude of the effect of the approximation Wi2K/ECM << 1, which is used in calculating ionization cross sections in the PWBA and PSS theories. Calculations without this approximation obtain values for the ionization cross sections which are lower by -25% at Mw2K/ECM = 0.1, than calculations in which the approximation is used. Avoiding this approximation introduces a threshold effect which forces the ionization cross section to zero at E = Mw2K. Experiments designed to explore the low vRocity dependence of ionization cross sections for signs of this threshold effect were carried out using three different projectiles (1H, 2D, "He). This permitted an examination of the dAta ihroAgh the formation of cross section ratios whose values are free of the uncertainties of the various normalization factors which determine absolute values. As a result, an assessment of the theory could be made more sensitively than by a simple comparison of absolute cross sections. Discrepancies much larger than the 25% effect of the approximation were found between theory and experiment in both the magnitude and energy dependence of the absolute cross sections. At these energies, the threshold effect is apparently too small to be measured. 
